Fluctuations are measured in the edge and scrape-off layer (SOL) of QUEST using fast visible imaging diagnostic. Electron cyclotron wave injection in the Ohmic plasma features excitation of low frequency coherent fluctuations near the separatrix and enhanced cross-field transport. Plasma shifts from initial high field side limiter bound (inboard limited, IL) towards inboard poloidal null (IPN) configuration with steepening of the density profile at the edge. This may have facilitated the increased edge and SOL fluctuation activities. Observation of the coherent mode, associated plasma flow, and particle out-flux, for the first time in the IPN plasma configuration in a spherical tokamak may provide further impetus to the edge and SOL turbulence studies in tokamaks. Published by AIP Publishing. [http://dx
I. INTRODUCTION
Turbulence at the plasma edge and the resultant crossfield transport are closely associated with the confinement properties in tokamaks. [1] [2] [3] [4] [5] Although relatively high fluctuation amplitude as compared to the average density is frequently recorded at the edge, with dn/n often reaching $1, the coherent mode activities are normally not apparent at the edge. Edge fluctuations are characterized by rather broadband density fluctuations with a wide frequency and poloidal wavelength spectrum (f $ 1 kHz to 1 MHz, and k pol $ 10 À1 to 10 À3 m). 6 Despite the usual prominence of broadband incoherent fluctuations at the edge, there have been several previous observations of near-coherent electrostatic edge modes in tokamaks. A "quasi-coherent" mode (QCM) was first observed in H-mode plasmas in Poloidal Divertor Experiment (PDX) tokamak using CO 2 and microwave scattering. 7 Such observations are of prime interest these days as several tokamaks have reported recently the presence of edge coherent modes and their implications on the H-mode performance, for example, in Alcator C-Mod, [8] [9] [10] EAST, 11 and DIII-D. 12 A QCM in C-Mod at $100 kHz produces strong outward particle transport in the edge region during the enhanced D-alpha (EDA) H-mode regime, which limits the pedestal growth and eliminates the usual edge localized modes (ELMs), 8 and quasi-coherent fluctuations (QCFs) in DIII-D at $100 kHz plays a key role in the inter-ELM dynamics and tracks the evolution of the H-mode temperature gradient in the pedestal. 12 A potentially different type of QCM was observed in Ohmic (non-H-mode) plasmas in the TEXT tokamak using Langmuir probes and a heavy ion beam probe. 13 This mode was localized at r/a $ 0.95 and had a frequency of f $ 20 kHz, a poloidal wavenumber of k pol $ 50 m
À1
, and propagated in the electron diamagnetic drift direction (EDD). Finally, there is a recent observation of QCM at the edge of NSTX Ohmic L-mode plasmas.
14 This mode is characterized as a generic drift-like mode with f $ 40 kHz, poloidal wavelength k pol $ 16 cm, peaking at $2-3 cm inside the separatrix and also propagates in the EDD with a poloidal phase velocity of V pol $ 4.9 6 0.3 km s
. We report here for the first time the observation of a low frequency coherent mode (LFCM) at the edge of electron cyclotron wave (ECW) induced inboard poloidal null (IPN) natural divertor plasma 15 in the spherical tokamak QUEST, 16 using the tangential fast visible imaging diagnostic. 17 The edge and SOL fluctuation characteristics can be inferred nonintrusively in 2D from this diagnostic, but the core rotation measurements are rather inconclusive due to line of sight integration (LOS) effect. 18 Enhanced poloidal flow and cross-field particle out-flux have also been observed immediately after the ECW injection. These observations are further supported by Langmuir probes accessing the far SOL from the low field side (LFS). Observation of LFCM at the edge of the unique magnetic configuration like IPN may fuel the enthusiasm for further studies of edge turbulence and transport in the context of confinement in spherical tokamaks.
This paper primarily deals with the observation and characterization of the LFCM. However, in the later part, an attempt is made to characterize the broadband background fluctuations as well. The paper is organized as follows: Experimental setup and the diagnostics are detailed in Section II. Spectral characteristics of the fluctuations and observation of the LFCM are described in Section III. Spatio-temporal characters and poloidal velocity of the LFCM are discussed in Section IV. Poloidal velocity of the background fluctuations along with the LFCM are estimated from the wavenumber-frequency spectra in Section V. A brief note on the imaging velocimetry estimations and its a) Author to whom correspondence should be addressed. Electronic mail: sbanerje@ipr.res.in possible deviations from the Fourier analysis are presented in Section VI. Finally, the results are discussed in Section VII and are further summarized in Section VIII.
II. EXPERIMENTAL SETUP
QUEST is a medium sized spherical tokamak with major and minor radii of 0.68 and 0.4 m, respectively. The radii of the center stack and the outer wall are 0.2 and 1.4 m, respectively, with flat divertor plates at b (¼ 61 m) from the mid-plane. Four pairs of poloidal magnetic field (PF) coils generate different curvatures of vertical field (B z ) lines. These PF coils are characterized by different magnetic mirror ratios, M ¼ B t_end /B t_start , along a field line, where B t_start and B t_end are toroidal field (B t ) at starting (taken as midplane with z ¼ 0) and terminating points on a particular B z field line, respectively. Cross-sectional view of QUEST showing the PF coils, divertor plates, and the center stack are shown in Fig. 1(a) .
An axially rotatable ceramic probe head 19 consisting of seven tungsten probe tips of diameter 1 mm and length 2 mm each is inserted radially below the mid-plane. Probe location is shown in Fig. 1(a) . Three dimensional (3D) view of the probe head is shown in Fig. 2 . In order to avoid damage due to hot electrons in the ECW phase, probes can be inserted only up to 20 cm from the vessel wall. Hence, only the far-SOL (FSOL) can be scanned in a shot by shot basis in reproducible discharges to measure floating potential (u f ) and ion saturation current (I FSOL sat ). In this set of discharges, u f is measured in the tips 5 and 6, while I FSOL sat is measured in the tip 7. A Photron Fastcam SA5 camera is used for tangential imaging at a frame rate of 20 kHz on the mid-plane of QUEST. Tangential field of view (FOV) of the camera along with other diagnostics and subsystems on QUEST is shown in Fig. 1(b) . Spatial resolution achieved on the tangency plane is 3.7 mm in both radial (R) and vertical (Z) directions. R-Z extent of the recorded images is shown as a broken rectangle in Fig. 1(a) . Three radial regions are defined as reference locations for subsequent analyses, as follows: R edge (9-10 cm inside the separatrix), R sep (near the separatrix position), and R sol (in the SOL at 6 to 7 cm outside the separatrix). They represent a single pixel width along a flux contour for the analyses. The results are, however, checked for consistency in the neighboring 62 pixels radially.
In this experiment, plasma start up by 8.2 GHz electron cyclotron resonance heating (ECRH) is followed by an Ohmic (OH) phase where plasma current (I p ) value is fed back (FB) to the OH coil power supply in order to maintain I p flat-top at À30 6 10% kA. At the declining OH phase, again heating is performed (fundamental resonance at radius R fce ¼ 0.33 m) with ECRH (60 kW) from 2.0 s onwards. Simultaneously, 8.2 GHz electron cyclotron current drive (ECCD) (60 kW) is applied with a phased array antenna 20 to drive I p thereafter. We focus on this second OHFB-ECW phase as strong edge turbulence and SOL flow are observed. The toroidal magnetic field (B t ) is kept constant at 0.29 T at R fce . B z $ 26 mT is applied with the help of all four pairs of PF coils. Typical plasma parameters at the core are n e $ 6 Â 10 17 m À3 (line averaged) and T e $ 40 eV. The magnetic flux contours reconstructed from the in-vessel flux loops, just before EC injection (t ¼ 1.95 s, OH) and after it (t ¼ 2.16 s), are shown on the vessel cross-section of QUEST in Fig. 3 . It can be seen that plasma configuration is changed shows an increment from $2.5 in OH phase to $4 in the EC phase. In order to maintain this high b p plasma in equilibrium, B z is increased from 26 mT in the OH phase to 33 mT during the EC phase; otherwise, I p cannot be sustained. The B z increment and ramp rate are carefully adjusted to sustain plasma. Requirement of high B z is also evident from the fact that the increased pressure gradient (dp ¼ j Â B) needs to be balanced by enhancing B at a fixed I p . Fig. 3 (c) also shows the typical discharge parameters with the ECW phase starting at t ¼ 2.0 s. It can be noted that the sudden jump in n e is due to the increased ionization by ECW and not due to any improvement in confinement. Such discharges are routinely performed in QUEST. For the present work, 31 discharges are analyzed from the QUEST database.
Radial profiles of density (n e ) from Thomson scattering data obtained from a series of similar discharges are shown in Fig. 4 . n e profiles peak at R ¼ 0.48 m and 0.65 m ($2nd harmonic) before and during ECW injection, respectively, suggesting a significant Shafranov shift and steepening of the n e profile near LFS SOL during ECW phase.
III. SPECTRAL CHARACTERISTICS OF FLUCTUATIONS
Reconstructed flux contours superimposed on a raw image are shown in Fig. 5(a) . Contours are numbered for further reference in the analysis. Spectral characteristics at the SOL are determined by the magnitude squared coherence estimate (C) of intensity fluctuations (Ĩ) along the flux contours shown in Fig. 5(a) . C is defined as The same mode appears at 0.8 kHz when the probe head is inserted such that the tips (5-7) are aligned poloidally and the tips 5-6 are measuring floating potential u f , during the ECW injection as shown in Fig. 6 . Time dependence of the LFCM is illustrated by the spectrogram of the intensityĨ in Figs. 7(a)-7(c) for R edge , R sep , and R sol for the representative shot #17633. Spectrograms show a fairly clear spectral peak in the R edge and R sep regions at 0.75-0.9 kHz, but the peak amplitude diminishes as compared to the broadband turbulence at the same frequency range at R sol . Also, the mode is most prominent at R sep . The frequency spectra of the amplitude of fluctuations inĨ for the three radial zones are shown in Fig. 7(d) for time period (2.06-2.08 s) , where the peak is most pronounced. The mode frequency is slightly downshifted towards the edge (R edge ) as compared to R sep and R sol . The mode appears within 10-20 ms after the ECW injection and appears to stay for $100 ms in this shot before dying off, as shown Figs. 7(a)-7(c) . The exact mechanism extinguishing this mode after sometime, however, needs further investigation and will be reported in future. This mode is apparent even when RF power level and pulse length are varied. The mode amplitude above the broadband turbulence in the same frequency range and mode lifetime, however, varies from shot to shot. We do not have magnetic pick-up coils (Mirnov) to measure the MHD signatures of this mode, and hence, the magnetic characteristics of the mode cannot be confirmed from the present dataset. Also, the toroidal coherence/mode number cannot be estimated at present.
Since the mode frequency is rather low, characteristics of the coherent mode described in this work can be compared with generic estimates for the geodesic acoustic mode (GAM) at the edge of these plasmas. At R sep in these discharges, the average Thomson scattering data give T e $ 1-2 eV, so the drift-wave gyroradius (at the electron temperature) is q s $ 1 mm using the edge toroidal magnetic , and q s ¼ 0.8 mm). Thus, k pol q s is very small (evident from the small k z in Fig.  9 ) compared to the drift-wave size scale, which is typically k pol q s $ 0.2-0.3. 21 Hence, the coherent mode is not likely to be drift-wave-like. The sound speed is c s $ 10 km s À1 (¼ ffiffiffiffiffiffiffiffiffiffiffi ffi T e =m i p , m i being the ion mass for hydrogen). Thus, the expected GAM frequency f GAM ($c s /2pR) 22 at R $ 0.68 m is $2 kHz, which is in the range of the observed frequency of the edge mode of $0.8 kHz. The drive for GAM is considered to be the nonlinear interactions with turbulence while the mode undergoes ion Landau damping with a exp(Àq 2 ) dependence on the safety factor, q. This means that the GAM is strongly damped in the core and may exist towards the edge where the safety factor is relatively large. Thus, the observed coherent mode may be generic GAM-like with long range poloidal correlation and localized radially, although the precise characteristics cannot be determined from this data.
IV. SPATIO-TEMPORAL CHARACTERISTICS OF FLUCTUATIONS
The spatiotemporal features ofĨ are determined by a two-point two-time correlation 23 ofĨ in the range of 1 kHz (a low pass filter is applied) along the flux contours. The correlation function between the intensities at two different points in space and time is defined as
where s is the time lag, I (q, t) is the intensity time series of the camera pixel sampling plasma at q ¼ [R,Z], and h…i indicates the temporal averaging defined as and increases across the flux contours towards LFS to cover larger radii of curvature. Fluctuations also appear to propagate radially (shown by the broken arrow through the maximum correlation with increasing Z) across the flux surfaces at the same time when the fluctuating structure flows poloidally. It can be noted here that the tangential LOS can contaminate the radial and poloidal velocity estimation to some extent even at the SOL and negligibly in the far SOL. However, since the poloidal velocity is towards the top divertor plate, the pseudo radial propagation due to the LOS integration effect of the poloidal propagation should appear to be inward as per the FOV of the camera. On the other hand, we are observing a radial propagation outward, which, in fact, can be even higher in reality and is appearing to be smaller due to the small yet finite LOS integration in the SOL. Next, we attempt to evaluate the mean poloidal velocity of the LFCM along the flux surfaces. The correlation technique stated above is extended to the entire SOL that has appreciable signal to noise ratio (SNR). Each flux contour is divided into regular poloidal intervals. The reference pixel is chosen at the middle of each interval, and the velocity for that interval is calculated from the difference in lags among the extreme points of the interval and the poloidal distance between them. Once velocity along a flux contour is evaluated, the same procedure is repeated for the next contour and so on. Finally, SOL poloidal velocity v pol is mapped by smoothening out the velocity field as shown in Fig. 9(a) . v pol remains positive (þh towards top) all along the flux contours showing unidirectional velocity of the LFCM in the SOL from the bottom towards the top divertor plate and reaches maximum of $1 km s À1 around mid-plane. Further, flux surface averaged v pol shows a positive gradient along the radius (Fig. 4(b) ). Plausible explanation, in our case, may be the shortening of the parallel connection length (L jj ¼ bB t /B z ; b being the distance of flat divertor plates from mid-plane and   FIG. 8 . Cross correlation of a reference pixel at Z ¼ 0.3 m on the 8th flux contour (see Fig. 2(a) ) and all the pixels from mid-plane (A) to top of the vessel (B) along flux contours. The analysis shown here is restricted to the LFCM frequency range.
B z is the vertical field) 19 going further away from the separatrix. There the field lines connect the top-bottom flat divertor plates rather than terminating on the center stack, as seen in the near SOL for the IPN configuration.
V. WAVENUMBER-FREQUENCY SPECTRA
So far, we have been dealing with the LFCM. It will be worthwhile to see how the background broadband fluctuations, along with the LFCM, are flowing in the SOL. Wavenumber (along Z direction)-frequency (k z -f) spectra for the two radial locations, one around the separatrix location (R sep ) and the other at the SOL (R sol ), are shown for shot #17633 in Fig. 10 . At both R sep and R sol , k z -f spectra show a single lobe with k z > 0 fluctuations, which means fluctuation (both broadband and LFCM) propagation is vertically upward in the ion diamagnetic drift direction (IDD). Hence, the propagation direction in QUEST is similar to the features observed during L-mode in Alcator C-Mod discharges, featuring L-H mode transitions 5 and pure Ohmic L-mode plasmas in NSTX. 14 The measured k z -f spectra can be fitted by a single linear dispersion relation (f ¼ v(k)k/2p) up to moderate range of frequencies ($6 kHz) such that poloidal v ph ¼ v g for a broad range, as shown in Fig. 10 . The black solid lines at the edge and SOL panels represent the linear fit, and hence, the phase velocity along Z can be calculated. For the representative shot #17633, velocities along Z at the separatrix and SOL are 1.4 km s À1 and 2 km s
À1
, respectively.
VI. IMAGING VELOCIMETRY AND POLOIDAL VELOCITY
An imaging velocimetry technique based on orthogonal dynamic programming (ODP) is developed to measure the time resolved flow field of the fluctuating structures at the plasma edge and scrape off layer (SOL) of tokamaks. 24 This technique can provide two dimensional velocity fields at high spatial and temporal resolution from a fast framing image sequence, which is non-intrusive in nature, and hence can provide better insights in plasma flow as compared to conventional probe measurements. Imaging velocimetry also shows a unidirectional propagation of fluctuations in the IDD, consistent with the k z -f spectra, all across the SOL from the separatrix and beyond. However, the magnitude along Z is very small all across the SOL with the maximum (v Z $ 200 ms À1 ) being around mid-plane.
The difference in quantitative estimation of v Z by ODPimaging velocimetry and Fourier analysis or two-point cross-correlation techniques, albeit, the similarity in their global trends, needs to be addressed. An excellent treatise on the strength and weaknesses of Fourier/cross-correlation analysis and its differences with time delay estimation (TDE) analysis is presented by Sierchio et al. 25 Some of the points observed by Sierchio et al. higher frequency contribution gets overshadowed in the process. Further, Fourier analysis is well-known to overestimate (underestimate) poloidal velocity, to some extent, when there is a (no) radial velocity component. A finite v R can be seen from the cross correlation analysis as seen in Fig. 8 . Also, the 1D Fourier analysis is inaccurate for 2D elliptical structures and tends to overestimate v Z . Hence, the difference in v Z calculated by ODP velocimetry and Fourier analysis techniques is well expected, and one needs to work on a specific recipe of combining the two techniques for determining the absolute v Z values. 25 
VII. DISCUSSION
During ECW injection, the plasma center is pushed towards LFS by 0.095 6 0.007 m (from R $ 0.42 m to 0.51 m) as calculated from plasma shape reconstruction using flux loops. 26 This happens due to the reducing OH current and increased plasma pressure. Plasma configuration changes from the initial HFS limiter towards an inboard poloidal nulllike (IPN) featuring significant magnetic connection (Fig. 1) between the LFS and HFS in the near SOL.
14 ECW injection features increase in line averaged n e (Fig. 1(c) ) by a factor of $2.5 and also steepening of the n e gradient. The cross field particle flux C ? , calculated from I FSOL sat , increases by a factor of $3.5. Hence, during the ECW phase, there is at least 25% degradation of the particle confinement (s p ) due to enhanced cross-field transport. Both radially chord integrated H a emission and I FSOL sat at tip 7 are enhanced as shown in Fig. 12 , indicating increased C ? . Large intermittent spikes are also observed in I FSOL sat , suggesting that a significant particle transport drive is present during the LFCM phase. I FSOL sat fluctuation level also increases by a factor of 10. In this shot, the probe head is at $45 cm from the separatrix. The difference in u f at tips 5 and 6 increases sharply at the ECW injection as shown in Fig. 12 showing induced poloidal electric field (Du f / E h ). Hence, the steep density gradient near the IPN separatrix, caused by ECW injection, may be responsible for the excitation of the LFCM. The sustained strong cross-field transport and E h at the LFS might be one of the plausible reasons behind the extinction of the LFCM after a span of 60-100 ms from the instance of ECW injection.
VIII. SUMMARY
Low frequency coherent edge fluctuations at 0.85 6 0.15 kHz, localized radially with long range poloidal correlation, are observed in the unique confinement scenario of IPN in QUEST. This low frequency mode is excited after 10-20 ms of ECW injection in Ohmic plasmas and the change in confinement regime from IL to IPN. After a while, the mode is extinguished even though ECW injection is continued. The lifetime of the mode varies from shot to shot. This mode is in the frequency range of generic GAM; however, the exact characterization is not possible from the present dataset and will be attempted in future. In the IPN configuration, the n e profile steepens at the edge. Enhanced cross-field transport, poloidal flow, and increase in fluctuation level are also observed. 
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